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DOI 10.1016/j.str.2010.09.022SUMMARY on the mechanistic determinants underlying the regulation ofHistone H3 Lys-4 methylation is predominantly cata-
lyzed by a family of methyltransferases whose enzy-
matic activity depends on their interaction with
a three-subunit complex composed of WDR5,
RbBP5, and Ash2L. Here, we report that a segment
of 50 residues of RbBP5 bridges the Ash2L
C-terminal domain to WDR5. The crystal structure
of WDR5 in ternary complex with RbBP5 and MLL1
reveals that both proteins binds peptide-binding
clefts located on opposite sides of WDR50s
b-propeller domain. RbBP5 engages in several
hydrogen bonds and van der Waals contacts within
a V-shaped cleft formed by the junction of two blades
on WDR5. Mutational analyses of both the WDR5
V-shaped cleft and RbBP5 residues reveal that the
interactions between RbBP5 and WDR5 are impor-
tant for the stimulation of MLL1 methyltransferase
activity. Overall, this study provides the structural
basis underlying the formation of the WDR5-RbBP5
subcomplex and further highlight the crucial role of
WDR5 in scaffolding the MLL1 core complex.
INTRODUCTION
Histone lysinemethylation is a prominent posttranslational modi-
fication linked to diverse biological pathways including gene
transcription (Martin and Zhang, 2005), maintenance of hetero-
chromatin (Lachner et al., 2001; Schotta et al., 2002) and
double-stranded DNA break repair (Greeson et al., 2008).
Notably, due to its association with actively transcribed genes,
methylation of Lys-4 on histone H3 (H3K4) has been heavily
documented in recent years. Genome-wide localization studies
reveal that H3K4 trimethylation marks the promoter regions of
actively transcribed genes while H3K4 di-methylation has been
recently linked to genes poised for transcription (Bernstein
et al., 2005; Schneider et al., 2004).
The SET1 family of enzymes, which includes MLL1 to 5 and
SET1A/B, carries out the body of H3K4 di/trimethylation in vivo
(Wang et al., 2009). Studies on two archetypal members of this
family, ScSET1 and HsMLL1, have provided several insightsStructure 19, 101these enzymes (Cosgrove and Patel, 2010; Tenney and Shilati-
fard, 2005). Of interest, immunoprecipitation experiments have
shown that, in contrast with other SET domain enzymes;
members of the SET1 family are always found in multisubunit
protein complexes (Dou et al., 2005; Nakamura et al., 2002;
Schneider et al., 2005; Yokoyama et al., 2004). In line with these
findings, all but one member of the MLL proteins, MLL5, have
been shown to interact with a common three subunit complex
composed of Ash2L, WDR5, and RbBP5. The essential role of
each subunit in regulating MLL1 methyltransferase activity has
been demonstrated in HELA and HEK293 cells as RNA-medi-
ated interference targeting Ash2L, RbBP5, or WDR5 leads to
a global loss of H3K4 trimethylation (Dou et al., 2006; Steward
et al., 2006; Wysocka et al., 2005). These results have been
further confirmed by recent functional and biochemical studies
showing that WDR5, RbBP5, and Ash2L are all essential in the
assembly of the core complex and the stimulation ofMLL1meth-
yltransferase activity (Patel et al., 2008a, 2009, 2008b; Southall
et al., 2009). Nevertheless, the mechanisms underlying the
formation of the WDR5-RbBP5-Ash2L complex and its binding
with the MLL1 SET domain have remained elusive. As both
Ash2L and RbBP5 harbor several domains, it is yet unknown if
one specific element or a cooperation betweenmultiple domains
is necessary for the assembly of the complex.
Here, we set out to identify theminimal structural determinants
underlying the formation of the WDR5-RbBP5-Ash2L complex.
Dissection of the MLL1 core complex subunits reveals that
a segment of 50 amino acids of RbBP5 supports the formation
of the core complex in bridging WDR5 to Ash2L C-terminal
domain. The crystal structure of WDR5 in ternary complex with
MLL1 and RbBP5 reveals that both proteins bind WDR5 using
peptide-binding clefts located on opposite sides of WDR50s
b-propeller domain. In addition, the tertiary complex and the
accompanying mutational analyses illustrate the important role
of the WDR50s V-shaped cleft in binding RbBP5 and stimulating
MLL1 methyltransferase activity.
RESULTS AND DISCUSSION
The C-Terminal Domain of Ash2L Binds the Hinge
Region of RbBP5
The core complex stimulates the enzymatic activity of
MLL1, a representative member of the SET1 family of–108, January 12, 2011 ª2011 Elsevier Ltd All rights reserved 101
Figure 1. Ash2L and RbBP5 Harbor Several
Evolutionary Conserved Domains
Schematic representation of RbBP5 (A) and Ash2L
(B) constructs used in the GST pull-down assays.
(C) A protein sequence alignment of Homo sapiens
(Hs), Danio rerio (Dr), Drosophila melanogaster
(Dm), Caenorhabditis elegans (Ce), Schizosac-
charomyces pombe (Sp), and Saccharomyces
cerevisiaeRbBP5 zoomed on a region neighboring
the hinge region. Positions with 100%–80%,
80%–60%, and less than 60% of amino acid
conservation are represented in dark, medium,
and pale blue, respectively.
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Dissection of the MLL Core Complex Assemblymethyltransferases (Dou et al., 2006). Initial work performed on
the core complex revealed that Ash2L directly interacts with
RbBP5 (Patel et al., 2009). The latter is composed of an
N-terminal seven bladed b-propeller domain, a short hinge
region and a C-terminal domain of unknown function (Figure 1A).
To define the role of RbBP5 domains in the assembly of the core
complex, RbBP5 fragments corresponding to residues 1–538
(Full-Length: FL), 1–366 (b-Propeller + Hinge: PH), 330–538
(Hinge + C terminus: HC), and 330–366 (Hinge: H) (Figure 1A)
were expressed as GST-fusion proteins and used as baits for
in vitro pull-down experiments. Bound Ash2LFL was eluted,
resolved by SDS-PAGE and visualized by Coomassie staining
and western blot using an Ash2L specific antibody (Rampalli
et al., 2007). As shown in Figure 2A, no Ash2L enrichment was
detected for GST alone but consistent binding was detected
for the assays performed with all the GST-RbBP5 fragments,
including the peptide corresponding to the 40 residue hinge
region of RbBP5.
Ash2L comprises a C4 zinc-finger motif and a SPla and
RYanodine Receptor (SPRY) domain located on its N (Ash2LN)
and C terminus (Ash2LC), respectively (Figure 1B). To identify
the region of Ash2L that interacts with RbBP5, Ash2LN, and
Ash2LC were homogeneously purified and added to prebound
GST-RbBP5 fragments. As shown in Figure 2B, consistent
binding was observed for Ash2LC with all the GST-RbBP5 frag-
ments while no binding was detected for Ash2LN. These results
reveal that a scaffolding domain, located between Ser-317 and
the Ash2L C terminus is involved in the binding of the RbBP5
hinge region and suggest that the Ash2L SPRY domain
contribute to the formation of the core complex. SPRY domains
are scaffolding modules that employ a set of solvent-exposed
loops to mediate protein-protein interactions (Filippakopoulos
et al., 2010; Woo et al., 2006). Amino acid alignment of Ash2L102 Structure 19, 101–108, January 12, 2011 ª2011 Elsevier Ltd All rights reservedand GUSTAVUS SPRY domains reveals
that the Ash2L SPRY domain harbors
a unique and evolutionarily conserved
insertion of 19 amino acids (data not
shown). In addition, homology modeling
of the Ash2L SPRY domain shows that it
harbors a similar set of loops with,
however, a noticeable increase in surface
basic residues. More work is required to
determine whether this insertion, the
punctate charge differences on the loopsor both are required for binding RbBP5 and/or stimulating MLL1
methyltransferase activity. Collectively, our results suggest that
the SPRY containing Ash2LC domain binds the hinge region of
RbBP5. In addition, as Ash2L does not bind WDR5 directly
(Dou et al., 2006; Patel et al., 2009), our data also suggest that
Ash2LN is accessory to the assembly of the core complex and
likely plays a role in linkingWDR5-RbBP5-Ash2LC-MLL1 to other
regulatory subunits of MLL1.
RbBP5 Binds WDR5 Using a Segment Neighboring
Its Hinge Region
After identifying the minimal domain of Ash2L sufficient to
interact with RbBP5, we sought to map the minimal structural
domains mediating the interaction between RbBP5 and WDR5.
We performed GST pull-down experiments using the RbBP5
fragments listed in Figure 1A with purified WDR5 and subse-
quently determined that WDR5 binds to full-length RbBP5 and
the RbBP5-HC fragment (Figure 2C), indicating that WDR5 binds
a region located between RbBP5 hinge region and its C-terminal
domain. Our observations also suggest that Ash2L and WDR5
bind distinct regions of RbBP5. To identify the residues respon-
sible for the interaction, a multiple sequence alignment was per-
formed using several eukaryotic homologs of RbBP5 (Figure 1C).
Given the functional overlap betweenWDR5-RbBP5 and Cps35-
Cps50 and the analogous requirement for their interaction within
the MLL complex and COMPASS (Trievel and Shilatifard, 2009),
respectively, it is expected that the region of interaction would
show a significant degree of conservation. Close inspection of
the alignment reveals that the only conserved domain outside
of the b-propeller domain and the hinge region of RbBP5 is
located between residues 371–410 (Figure 1C).
To confirm our observations and to further define the elements
of RbBP5 that contribute to the binding ofWDR5, we determined
Figure 2. Dissection of the Core Complex
(A) Ash2L interacts with the GST-RbBP5-hinge fragment. GST-tagged RbBP5 domains were incubated with and without equal amounts of Ash2LFL. The lower
panel shows a western blot of the Ash2L protein used as input or recovered after pull-down by the RbBP5 fragments using a specific Ash2L antibody.
(B) Ash2LC domain binds the hinge region of RbBP5. Equal amount of Ash2L N- and C-terminal domains were coincubated with the GST-RbBP5 fragments. The
black arrow highlights the domain of Ash2L that has been retained by the RbBP5 fragments.
(C) WDR5 interacts with the GST-RbBP5-HC fragment. GST-tagged RbBP5 domains were incubated with and without equal amounts of WDR5. Bound proteins
were resolved on 15% SDS-PAGE and Coomassie stained. Loading controls for GST-RbBP5 fragments are shown on the left hand side of the gel. Abbreviations
are as follow; FL: GST-RbBP5-Full length, PH: GST-RbBP5-b-propeller+hinge; HC: GST-RbBP5-Hinge+C terminus, H: GST-RbBP5-Hinge.
(D) Isothermal titration calorimetry data for the binding of RbBP5 peptides toWDR5. The upper and lower panels show the heat of binding for peptide binding and
integrated data, respectively.
(E) Equilibrium dissociation constants for the titration of WDR5 with RbBP5 peptides. Indicated are the RbBP5 peptides with their corresponding KD values for
WDR5.
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Dissection of the MLL Core Complex Assemblythe equilibrium dissociation constants (KD) of a small library of
peptides spanning this region of RbBP5 (Table 1). Using
isothermal titration calorimetry (ITC) (Figure 2D), we found that
WDR5 binds with similar binding affinities (2 mM), the RbBP5
peptides corresponding to residues 371–410, 371–400, 371–
390, and 371–380 while no binding could be detected with
a 10-mer peptide corresponding to residues 381–390 of
RbBP5 (Figure 2E). Given that initial binding studies establishedStructure 19, 101that full-length RbBP5 binds to WDR5 with a KD of 2.4 mM (Patel
et al., 2009), our data suggest that RbBP5371-380 comprises the
minimal structural determinants underlying the interaction
between WDR5 and RbBP5.
Structure of the WDR5/RbBP5/MLL1 Ternary Complex
To gain insights into the mechanisms underlying the recognition
of RbBP5 by WDR5, we have determined the 2.35 A˚ resolution–108, January 12, 2011 ª2011 Elsevier Ltd All rights reserved 103
Table 1. Data Collection and Refinement Statistics for WDR5
Structure in Complex with RbBP5 and MLL1
Data Collection
Space group P212121
Cell dimensions
a, b, c (A˚) 53.9, 81.4, 81.8
Resolution 32.6–2.35 (2.43–2.35)a
Rmeas 8.9 (44.2)
I / sI 8.3 (2.1)
Completeness (%) 99.2 (98.9)
Redundancy 3.3 (3.3)
Refinement
Resolution (A˚) 32.6–2.35
No. reflections 15,413
Rwork / Rfree 19.3/24.9
No. Atoms
Protein 2346
Peptides 134
Water 244
B-factors (A˚2)
Protein 41.1
Ligands 51.1
Water 50.4
Rmsds
Bond lengths (A˚) 0.010
Bond angles () 1.3
Molprobity scores 1.68
Ramachandran favored (%)b 96.2
Ramachandran allowed (%) 3.8
aHighest resolution shell is shown in parentheses.
bNonglycine residues.
Structure
Dissection of the MLL Core Complex Assemblycrystal structure of WDR5 bound to RbBP5371-380 and the
MLL1 WIN motif (MLL1WIN). Overall, the structure of WDR5/
RbBP5371-380/MLL1WIN is similar to apo-WDR5 with an overall
rms of 0.58 A˚ for all protein atoms. Close inspection of the ternary
complex reveals that the MLL1WIN is maintained in a 310 helix
conformation with its C terminus exiting the WDR5 peptidyl argi-
nine binding cleft toward blade 6 (Figure 3A). As previously
described, the MLL1WIN is pinioned in the peptidyl arginine
binding cavity by several hydrogen bonds and hydrophobic
contacts (Patel et al., 2008a; Song and Kingston, 2008). Upon
closer inspection of the WDR5 surface, we found a continuous
electron density corresponding to residues 374–380 of RbBP5.
The first three residues of the RbBP5 peptide were not modeled,
as no discernable electron density was observed. Analysis of
the RbBP5371-380 binding mode reveals that the peptide adopts
an elongated conformation with a small kink centered on V377
(the single letter refers therein to RbBP5 residues). The RbBP5
peptide is found in proximity of a V-shaped cleft formed by the
junction of blades 5 and 6 of WDR5 (Figure 3A) and related to
the WDR5 peptidyl arginine binding cleft, is maintained on the
opposite side of the b-propeller.
Close inspectionof theV-shapedcleft reveals thatRbBP5371-380
is maintained by several hydrogen bonds and van der Waals104 Structure 19, 101–108, January 12, 2011 ª2011 Elsevier Ltd All rcontacts. Notably, E374 makes van der Waals contacts with the
Gln289 side chain while the V375 side-chain participates in
hydrophobic interactions within a small hydrophobic pocket
composed of Leu249, Tyr228, Leu240, and Lys250. In addition,
the carbonyl oxygen and backbone amide of V375 engage in
two hydrogen bonds with Gln289 amide side chain (Figure 3C).
Following V375 in RbBP5, D376 interacts with WDR5 through
a hydrogen bond between its backbone carbonyl and the
Asn225 amide side chain. In addition, D376 engages in
several intramolecular hydrogen bonds between its carboxylate
group and T378 backbone amide, S379 hydroxyl group and
backbone amide (Figure 3C). This network of hydrogen bonds
likely stabilizes RbBP50s kink conformation and orients V377
side chain in a hydrophobic pocket composed of Phe266,
Tyr228, Ser223, and Leu288 of WDR5. Moreover, the residues
T378 and S379 participate in water-mediated and direct
hydrogen bonds with WDR50s Pro224 carbonyl group and
Asn225 amide side chain, respectively. Overall, the crystal struc-
ture of the WDR5/RbBP5371-380/MLL1WIN ternary complex and
sequence homology of RbBP5 homologs (Figure 1C) suggest
that an aspartate residue bordered by a pair of hydrophobic
moieties are key in conferring binding activity of RbBP5 within
WDR50s V-shaped cleft. Finally, the structure of our WDR5-
RbBP5-MLL1 complex is consistent with a recent structural
analysis of the WDR5-RbBP5 complex published by Odho
et al. (2010).
WDR5 V-Shaped Cleft and RbBP5 VDV Motif Are Both
Important for the Stimulation of MLL1
Methyltransferase Activity
To further probe the interactions between RbBP5 andWDR5, we
mutated Asn225, Leu240, and Gln289 and measured their
effects on the binding of RbBP5 and the subsequent stimulation
ofMLL1methyltransferase activity (Figures 4B and 4C). Mutation
of Asn225 to alanine residue abolished RbBP5 binding and re-
sulted in a 2-fold decrease in the stimulation of MLL1 methyl-
transferase activity (Figures 4B and 4C). Similar to Asn225,
substitution of Leu240 to a lysine residue, which likely disrupts
the formation of the hydrophobic cleft, impaired RbBP5 binding
and weakened the stimulation of MLL1 (Figures 4B and 4C).
Finally, mutation of Gln289 to alanine decreased the affinity of
WDR5 for RbBP5 by 20-fold approximately and correlatively
led to a 3-fold decrease in the methylation of histone H3.
RbBP50s amino acid side chains are recognized by WDR5
through several hydrophobic contacts and hydrogen bonds. To
identify the RbBP5 residues that confer its binding to WDR5, we
mutated E374, V375, D376, and V377 and determined their
effects on the methyltransferase activity of MLL1 (Figure 4C).
Consistent with the loss of methyltransferase activity for the
WDR5 mutants, all of the RbBP5 mutants failed to stimulate, to
the same extent of the complex reconstituted with the wild-
type proteins, MLL1 methyltransferase activity. Notably, muta-
tion of E374 to an alanine severely impaired the stimulation of
MLL1 methyltransferase activity by the core complex subunits.
Similarly, replacement of V375 and V377 by glutamic acid resi-
dues weakened the stimulation of MLL1 enzymatic activity by
9- and 4-fold, respectively, while substitution of D376 to an
alanine residue led to a 4-fold decrease in the methylation of
histone H3. Given that D376 engages in several intramolecularights reserved
Figure 3. WDR5 Binds RbBP5 and MLL1
Using Two Independent Binding Clefts
(A) Overall structure of WDR5 in complex with
MLL1 WIN peptide and RbBP5371-380. Blades 5
and 6 are highlighted in blue and red, respectively.
MLL1 WIN motif and RbBP5371-380 carbon atoms
are colored in cyan and yellow, respectively.
(B) Surface representation of WDR50s peptide
binding clefts.
(C) Zoomed view of the simulated annealing Fo – Fc
omit map (blue) contoured at 2s in which WDR5
and RbBP5 carbon atoms are rendered in gray
and yellow, respectively. Hydrogen bonds are dis-
played as dashed orange lines.
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Dissection of the MLL Core Complex Assemblyhydrogen bonds, our results support a model in which D376
carboxylate group is required to maintain RbBP50s kinked
conformation in WDR50s V-shaped cleft. Collectively, our results
suggest that both the RbBP5 VDVmotif and theWDR5V-shaped
cleft are important in stimulating MLL1 methyltransferase
activity.
Similar to HsAsh2L and Cps60 SPRY domains, the central
region of RbBP5371-380, including the triad V375-D376-V377, is
conserved in the RbBP5 yeast homolog Cps50. Inspection of
Cps50 reveals a similar triad composed of I391-D392-L393 (Fig-
ure 1C), suggesting that the interaction of this pair of hydro-
phobic residues onto Cps35’s b-propeller domain is important
for the binding of Cps50 and complement previous findings
showing that the heterodimer Cps35-Cps50 is crucial for
COMPASS assembly (Dehe et al., 2006; Halbach et al., 2009).
Taken together, our structural studies and binding assays indi-
cate that the RbBP5330-380 region is of importance in the forma-
tion of the core complex, and point to a shared mechanism
between the human SET1 family of methyltransferases and its
yeast homolog COMPASS.
Insights into the Organization of a Catalytically
Competent WDR5-RbBP5-Ash2L-MLL1 Complex
Protein lysine methyltransferases are often found in multiprotein
complexes in vivo. However, the SET1 family of methyltrans-
ferases is, along with Ezh1/2, one of the few that requires such
associations to achieve di- and/or trimethyltransferase activity.
In COMPASS, binding of Cps60 to SET1 is required for H3K4 tri-
methylation in yeast (Steward et al., 2006; Takahashi et al., 2009)
while Ash2L is essential for stimulating MLL1 methyltransferaseStructure 19, 101–108, January 12, 2011activity in mammals (Dou et al., 2006; Pa-
tel et al., 2008b; Southall et al., 2009). To
explain the role of these subunits, it has
been proposed that the association of
the WDR5-RbBP5-Ash2L complex with
MLL1 SET domain reorganizes its iSET
region and contributes to the formation
of the histone H3 binding cleft (Southall
et al., 2009). While the mutations of resi-
dues found in the iSET region of SET8
(Couture et al., 2005) and DIM-5 (Zhang
et al., 2003) are deleterious for their enzy-
matic activity, similar mutations in MLL1iSET region does not impair, to the same extent, its methyltrans-
ferase activity when bound to its core complex subunits (Southall
et al., 2009). The WDR5/ RbBP5371-380/MLL1WIN ternary com-
plex and pull-down studies presented herein may suggest
a mechanistic basis for these observations. The antiparallel
orientation of RbBP5 and MLL1WIN peptides would orient the
members of the core complex in a position favorable to interact
withMLL1 SET domain and thus play a role analogous to SET8 or
DIM-5 iSET region.
Biological Functions of WDR50s V-Shaped Cleft
The family of b-propeller proteins playsmajor functions in several
biological pathways through the assembly of multisubunit
protein complexes. Interestingly, recent studies have shown
that WDR5 plays key role in the assembly of complexes unre-
lated to MLL1. WDR5 associates with the virus-induced VISA-
associated complex (Wang et al., 2010). In human, WDR5 is
also found in the ATAC histone acetyltransferase complex
(Wang et al., 2008) and the ATP-dependant chromatin remodel-
ing complex comprising CHD8 (Dou et al., 2005; Thompson
et al., 2008). Additional studies will be required to establish
a possible role of WDR50s V-shaped cleft in the assembly of
these complexes but the WDR5/RbBP5371-380/MLL1WIN ternary
complex illustrates WDR50s ability in binding proteins with two
distinct binding clefts.
Overall, our results indicate that only specific elements of
a limited region of RbBP5 and the SPRY-containing Ash2LC
domain are necessary for the formation of the MLL1 core
complex. Given the functional overlap between WDR5-RbBP5
and Cps35-Cps50 complexes and the role of WDR50s V-shapedª2011 Elsevier Ltd All rights reserved 105
Figure 4. WDR5 V-Shaped Cleft and RbBP5 VDV
Motif Are Important for the Stimulation of MLL
Methyltransferase Activity
(A) Schematic representation of WDR5/RbBP5371-380
interactions. WDR5 and RbBP5371-380 residues are repre-
sented with blue and red ovals, respectively. Hydrogen
bonds and hydrophobic contacts are highlighted as
orange dashed lines and blue half-ovals, respectively.
The last two residues of the peptide were not modeled
as they engage in hydrogen bond and hydrophobic
contacts with a symmetry related molecules.
(B) WDR5 V-shaped cleft is important in the binding of
RbBP5. Table showing the equilibrium dissociation
constants between WDR5 mutants and RbBP5.
(C) The interactions between RbBP5 and WDR5 are
important for stimulating MLL1 methyltransferase activity.
Radiometric methyltransferase assays performed with
MLL1 SET domain alone or reconstituted with indicated
wild-type or mutant proteins. Average values of methyl-
transferase assays performed in triplicate are shown; error
bars represent SD. Each experiment was performed twice
with two different batches of recombinant proteins.
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Dissection of the MLL Core Complex Assemblycleft in the regulation of histone H3 Lys-4 methylation, our study
also points to a common mechanism of allosteric regulation
between COMPASS and MLL1.EXPERIMENTAL PROCEDURES
Peptides
Peptides were purchased either from New England Peptides or Peptide2.0.
Peptides were ordered with 95%–99% purity with an additional tyrosine on
their C terminus for UV quantification. Peptides were suspended in water at
100 mM concentration and stored at 20C.
Protein Expression and Purification
Fragments corresponding to the full-length (Ash2LFL), N- (residues 96–281
(referred therein as Ash2LN)) and C-terminal (residues 317–628 (referred
therein as Ash2LC)) domains of Ash2L were PCR amplified using clone
#3921999 (OpenBiosystem). PCR fragments of Ash2LFL and Ash2LN were
cloned in a modified version of pET3d (Couture et al., 2007) while Ash2LC
was cloned in frame with a His-SUMO tag. A DNA construct equivalent to
full-length RbBP5 was PCR amplified and cloned in pHis2 (Sheffield et al.,
1999). Proteins were overexpressed with 0.1 mM IPTG in Rosetta cells (Nova-
gen) for 16 hr at 18C. Cells were harvested in 50 mM sodium phosphate,
500 mM NaCl and 5 mM b-mercapthoethanol, lysed by sonication, clarified
by centrifugation and purified by Talon Co2+ affinity chromatography. TEV-
cleaved Ash2LFL and Ash2LN were further purified by metal affinity and by
size exclusion chromatographies (Superdex 200). ULP1-cleaved Ash2LC
was purified by Q-Sepharose ion exchange and size exclusion chromatogra-
phies (Superdex 200). GST-RbBP5 constructs were expressed in BL-21 using
the same experimental conditions as for Ash2LN. Following GST-RbBP5 over-
expression, cells were centrifuged and harvested in phosphate buffer saline
(PBS). The catalytic domain of MLL1 was produced as previously described
(Patel et al., 2008b). WDR5 and RbBP5 mutants were prepared as for the
wild-type proteins.106 Structure 19, 101–108, January 12, 2011 ª2011 Elsevier Ltd All rights reservedGST-Pull-Down Assays
GST and GST-fusion RbBP5 proteins were applied onto
glutathione-Sepharose beads for 1 hr and washed exten-
sively with PBS. Binding assays were performed in PBS
supplemented with 0.1% Triton X-100 (PBST) for two
hours with 10 mg of recombinant Ash2L or WDR5 proteins.
Binding reactions were extensively washed with PBST
and bound proteins were eluted with 50 mM Tris-HCl(pH 8.0) and 20 mM reduced glutathione for 1 hr at 4C. Each sample was
loaded on a 12% polyacrylamide gel and Coomassie stained. Ash2L binding
was also immunodetected using an Ash2L antibody (kindly provided by
Dr. Jeffrey Dilworth) (Rampalli et al., 2007).
In Vitro Methyltransferase Assays
Methyltransferase assays were conducted using 5 mM of recombinantly puri-
fiedMLL1 SET domain (3745–3969) with equimolar amounts of Ash2L, RbBP5,
and WDR5. Reactions were performed in 50 mM Tris (pH 8.5), 200 mM NaCl,
3 mM DTT, 5 mM MgCl2, 250 mM of peptide (residue 1–20 of histone H3), and
5% glycerol. Each assay was initiated by the addition of 1 mCi of radiolabeled
AdoMet and incubated for 2 hr at 22C. Reactions were stopped by spotting
the reactions onto Whatman P-81 filter papers and free AdoMet was removed
by washing the filter papers in 250 ml of 50 mM NaHCO3 (pH 9.0). Activity was
quantified by liquid scintillation counts.
Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) experiments were performed using
a VP-ITC calorimeter (MicroCal). RbBP5 peptides (0.65 mM) were injected
into a solution of WDR5 (0.06 mM) as previously described (Couture et al.,
2006). Experiments were performed at 19C in 20 mM sodium phosphate
(pH 7.0), 100 mM sodium chloride, and 5 mM b-mercaptoethanol. The titration
data were analyzed using Origin 7.0 (OriginLab Corp.) and showed that the
RbBP5 peptides bind WDR5 with binding stoichiometries (N-values) between
0.8 and 1.1.
Crystallization, Data Collection, and Structure Determination
Purified WDR5 was mixed in equal molar ratio with Ser3763Ala substituted
MLL1WIN (Patel et al., 2008a) and RbBP5371-380 peptides and incubated on
ice for 30 min. Diffraction quality crystals were grown in 0.2M Ammonium
citrate (buffered with hydrochloric acid/Sodium hydroxyde to pH 7.0) and
18%PEG3350. Crystals were sequentially soaked in the mother liquor supple-
mented with 10% and 20% glycerol, harvested and flash frozen in liquid
nitrogen. A full data set was collected on a HomeSource MicroMax-007
(Rigaku) equipped with an Raxis IV image plate detector. Diffraction data
Structure
Dissection of the MLL Core Complex Assemblywere indexed and scaled using d*TREK (Pflugrath, 1999). Amolecular replace-
ment solution was found usingMOLREP (Vagin and Teplyakov, 2000) and apo-
WDR5 as a starting model (Couture et al., 2006). The structure was further
refined using iterative cycles of energy minimization and modeling using Re-
fmac (Vagin et al., 2004), BUSTER (Bricogne, 1993), and Coot (Emsley and
Cowtan, 2004), respectively. Quality of the structure was assessed using Mol-
probity (Chen et al., 2010) (Table 1).
ACCESSION NUMBERS
The coordinates of the WDR5-RbBP5-MLL1 complex have been deposited in
the RCSB protein data bank (accession number: 3P4F.pdb).
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